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WATER WAVES PRODUCED BY CRATERING 
EXPLOSIONS IN SHALLOW WATER 

Abstract 

In the course of developing the 

capability of predicting the characteristics 

of water waves generated by explosions 

detonated in shallow water beneath the 

ocean floor,  the pertinent data from past 

experiments were analysed using dimen- 

sional analysis as a framework.    Data 

were examined from one series of high 
explosive cratering experiments detonated 

beneath the floor in shallow water,   and 

from two series of high explosive experi- 

ments and one nuclear explosive experi- 

ment detonated above the floor in shallow 

water.    The data indicate that the maxi- 

mum radius of the water column produced 

by the explosion is proportional to the 

cube root of the ratio of explosive yield 

to ambient pressure at the point of 

detonation.    Further,  the data show that 

the maximum radius of the column of 

water is proportional to the square root 

of the product of wave height and distance 

from the source.    The conclusions of 

this scheme of analysis are being tested 

with hydrodynamic computer code cal- 

culations . 

The Data 

The data from explosion tests fired 

under the ocean floor in shallow water 

were analysed in order to gain informa- 

tion about the relationship between the 

characteristics of the water waves gen- 

erated and the parameters of the explo- 

sion.    Very few data are available since 

there have been few explosive tests of this 

type.   All the available U.S. data are 

listed in Table 1. 
The U.S. Army Engineer Nuclear 

Cratering Group conducted a series of 

underwater cratering tests called Project 
1 2 Tugboat. '     The tests consisted of four 

one-ton explosions detonated at different 

depths of burial in the ocean floor,  one 

10-ton explosion,  two 20-ton explosions 

and one 40-ton explosion,  all detonated 

beneath the ocean floor.    The 20-ton and 

40-ton explosions actually consisted of 

two  and four charges of  10 tons each, 

respectively,   separated horizontally 

by 100 to 120 ft.    For the purposes of 

this analysis the 20-ton and 40-ton shots 

are assumed to be single charges.    The 

explosive used in these tests was alumi- 

nized ammonium nitrate slurry,   con- 

sidered here to be equivalent in energy 

released to 1.62 TNT.    These tests were 

underwater cratering experiments and 

were detonated in coral reef material. 

High speed motion pictures were taken 

of the test shots,  and water wave meas- 

urements were made. 
3 

The Navy's Project HEAT    consisted 

of ten shots of two tons each fired at 
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Table 1.    Experimental data. 

D 
D 

w 
R 

c R H HR 

Y 

Y (D+33)1/3 HIT 

Project Tugboat .  Explosive: aluminized ammonium nitrate slurry (equivalent 1.62 TNT). 

1.62 15.5 4.6 47 163 2.96 483 0.322 483 
1.62 19.1 5.0 50 206 1.54 317 0.314 317 
1.62 23.2 5.1 50 80 

273 
4.02 
1.54 

321 
420 

0.306 370 

1.62 25.8 5.0 46 161 
289 

1.97 
1.02 

317 
295 

0.302 306 

16.2 42.5 6.5 98 161 
381 

11.4 + 
3.6 

1835+ 
1370 

0.599 1600 

32.4 42 -10 

"~ 

1430 
400 
400 

-1.5 
4.5 
6.0 

-2140 
1800 
2400 

2260 

32.4 42 -10 1490 
290 
230 

-1.5 
9.0 

10.3 + 

-2240 
2610 
2370+ 

64.8 42 -10 1950 
7 50 
340 

-1.5 
4.8 
8.1 + 

-2920 
3600 
2750 + 

3090 

Mono Lake.    Explosive: TNT. 

4.61 10.0 65 1360 
621 

2160 

0.56 
1.06 
0.47 

751 
659 

1010 

0.475 807 

4.62 13.8 70 4615 
2080 
1170 

0.19 
0.33 
0.52 

875 
688 
609 

0.463 724 

Project "Heat." Explosive:   HBX-1 (equivalent 1.48 TNT). 

2.93 11.04 11.46 66.0 — — — . 0.406 
2.92 11.74 12.00 67.5 — — — 0.402 
2.93 11.42 11.58 67.5 — — — 0.405 
2.93 4.69 9.63 62.5 — — — 0.426 
2.93 4.75 9.25 67.5 — — — 0.426 
2.92 4.96 5.04 67.5 — — — 0.425 
2.93 5.00 5.08 62.5 — — — 0.425 
2.92 4.79 5.12 62.5 — — — 0.425 
2.92 4.80 7.88 64.0 — — — 0.425 

Baker. Nuclear explosive. 

23,000 90         140         -1000 1000 94 94,000 5.72 100,000 
2000 47 94,000 
4000 24 96,000 
6000 16 96,000 
8000 13        104,000 

10000 11        110,000 
12000 9        108,000 

Y = Explosive yield,  tons TNT. 
D = Depth of submergence,  feet of sea water. 

D    = Depth of water,  feet. 
R^ = Maximum radius of water column,  feet. 

R = Distance,  feet. 

depths varying from the ocean floor to used was HBX-1,  assumed to be equivalent 

mid-depth in the water.   The explosive in energy released to 1.48 TNT.    In these 
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tests,   high speed motion pictures were 

taken to determine mound characteris- 

tics,   column diameter,   etc. ; however, 

no water wave measurements   were 

made. 
At Mono Lake two  explosive charges 

of 4.6  tons  of TNT  each were fired  at 
4  5 the bottom in shallow water.   '       Water 

wave measurements  and measurements 

of the column dimensions   were 

made. 
In addition to these few high explosive 

tests,  Glasstone   reports the results of 

the Bikini test Baker,  a 23 kt nuclear 

detonation in shallow water.    He reports 

the measured wave heights, the range at 

which these measurements were made, 

and the approximate column radius. 

Analysis 

An empirical approach was used in 

the analysis of the data; however,  dimen- 

sional analysis provided the basic rela- 

tionships among the variables involved. 

Two useful dimensionless products 

emerge: 

n    - L PS ni    ^T~> 

nr 
pi/ 

(l) 

(2) 

where L is a characteristic length (to be 

specified later),  Y is yield (units of 

energy),  p is pressure,  p is density and 

g is the acceleration of gravity.    Since 

we know that the wave energy per unit 

area is proportional to the square of the 
2 wave height (H ) and the total energy is 

distributed over an area proportional to 

the square of the radius of the area of 
o 

the disturbance (R  ), we see by dimen- 

sional considerations that we can specify 
4 

the characteristic length factor L ,  and 

can rewrite IL as 

ni = 
H2R2pg (3) 

This product (3) appears promising, 

since for oscillatory waves due to a 

central disturbance the product HR 

should be constant for a given wave. 

We plot HR vs the yield Y in Pig.   1; 

the value of HR is the average for each 

wave measurement.    In all cases H is 

the amplitude of the largest wave from 

crest to the following trough (in most 

cases this was the first wave in the train). 

The curves drawn show both the relation- 

ship given by Eq.   (3) HR = C X Y0#5 and 

the relationship determined by a least- 

squares fit of the data, TIE = 297 X y0,576. 

There are insufficient data to make any 

conclusions concerning the merits of 

either relation.    Figure 1 does indicate, 

however,  that there are other factors 

which have subtle but significant effects, 

and that all the experiments examined 

were not completely similar. 

Next we try to specify the length factor 

L    in the dimensionless product n2.    It 

is known that depth of burst plays a 

significant role in underwater explosions, 

since the maximum size to which the 

bubble grows is a function of the ambient 
7 

pressure, hence of the depth of burst. 

Also,  the maximum radius of the water 

column,  R ,  is directly related to the 

maximum size of the gas bubble when it 
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HR = c X Y 
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10 100 1,000 

(Ikt) 

Yield Y —tons TNT equiv. 

10,000 
(10 let) 

100,000 
(lOOkt) 

Fig.   1.    Product of wave height X distance (average for each measurement) vs yield. 

reaches the surface and vents to the 

atmosphere.    Thus R    should be related r c 
to the yield Y and the overburden pres- 

sure p; making this assumption leads 

us to rewrite n„ as 

pR 
(4) 

Accordingly,   Fig.  2 shows a plot of the 

maximum column radius vs the cube 

root of the ratio of yield to overburden 

pressure.    The yield Y is expressed in 

tons to TNT equivalent and the overburden 

pressure p is expressed in feet of sea 

water (p = C X (D+33), where D is depth 

of submergence in feet).    The available 

data,  as can be seen,  follow very closely 
(4) 

the relation dictated by the product n„   . 

At this point it was decided to use the 

maximum column radius to normalize 

wave height with respect to yield.    A plot 

of the ratio of wave height to maximum 

column radius (H/R  ) vs the ratio of 

1000 

100 - 

10 
0.1 

-AI"NH4NOg 

(Cratering) 

'     ■   '   ■   '     i    i   i i i i 

[Y/(D + 33)]1/3 
10 

Fig.  2.    Maximum radius of water column, 
Rpi,  plotted against a function of 
the yield Y (tons TNT equivalent) 
and the depth of burst D (feet). 
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 1 1—I   I  I l I I | 1 1—I   I I I I I 

A 1.6 ton (cratering) 
— v 4.6 ton - 

G 16.2 ton (cratering) - 
o32.4 ton (cratering) 
0 64.8 ton (cratering) '_ 
o 23 kt 
+ Glasstone P311 (1 kt/85 ft) 

v° HR/R* = 0.157 

1.0 

0.1  " 
10 

R/R 

100 

Fig.  3. 

is 

Ratio of wave height to column 
radius (H/Rc) plotted against 
ratio of distance to column radius 
(R/Rc),  for all available under- 
water explosion data. 

/     Y  \1/3 
RC = 156 (DTW)      > where Y 

yield and D is depth of burst. 

distance to maximum column radius 

(R/R ) is shown in Fig. 3.    The available 

data lie within a band of two standard 

deviations about the best fit curve 

HR/R      = constant.    Thus the maximum 
'    c 

column radius R    seems to be a good 

normalizing factor for eliminating the 

yield and over-burden pressure. 

Figure 4 combines Figs.  2 and 3 

plotting CHR)1/2 vs [Y/(D+33)]1/3.    The 

value of T3R shown is the average for 

each wave measurement.    The average 

percent difference of these data from the 

best fit curve (HR)1/2 = 60.7 [y/fD+SS)]1/3 

is 6%.    The effects of changes in water 

depth on the wave height were not con- 

sidered due to lack of data. 

1000 

100 

-i—i—i  i i 1111 "I 1—I   I  l I l L 

10 
0.1 

I     I   I  I I I 11 

[Y/(D+33)]1/3 
10 

Fig. 4.    Product of wave height X distance 
(average for each measurement) 
vs function of yield Y and depth 
of burst D. 

Conclusions 

In this paper the author has assembled 

all the relevant U. S.  underwater test 

data for the water wave problem,  and 

has found a framework for interpretation 

based on similitude.    The prediction of 

water wave phenomena resulting from 

nuclear explosions beneath the ocean 

floor may indeed be possible using this 

physical framework.    However, hydro- 

dynamic code calculations at intermediate 

to high yields are required to confirm 

this scheme in the absence of full-scale 

experimental data.    Currently,  calcula- 

tions are being made which will permit 
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the modeling of underwater cratering flexibility of this code is proving to be 

explosions using the ABMAC hydrodynamic very valuable in the simulation of the 
8 9 code as developed by Viecelli. '     The water wave phenomenon. 
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